Abstract
INTRODUCTION
Fatty liver (FL) is a reversible condition in which large vacuoles of triglyceride fat accumulate in the liver cells by the process of steatosis, including hepatic steatosis and steatohepatitis. It is a disease related to heredity, environment, and metabolic stress and is a chronic disease that impairs multiple systems [1] . Recent studies have reported that the pathogenesis of fatty liver is always accompanied by hepatic hemodynamic changes that induce abnormal fluid flow in the Disse space. The receptors or water channels on the surface of hepatocytes receive the signals of flow and then affect lipid metabolism in the liver cells, increasing hepatic lipid absorption and synthesis, thus resulting in the condition of hepatic steatosis [2] . However, there has been little research on the relationship between hemodynamic changes in hepatic sinusoids and the development of hepatic steatosis.
Carbon tetrachloride-induced hepatic steatosis is a classical experimental mouse model often used to study the molecular mechanisms of liver injury and the effects of drugs [3] . The CCl 4 -induced hepatic steatosis model can accurately demonstrate the changes in the morphology and the function of hepatocytes, and it is highly stable and cost-effective. The mechanism underlying CCl 4 -induced damage to the hepatocytes has been largely researched. The current consensus in the academic community is that the hepatotoxicity of CCl 4 is multifaceted, including production of CCl 4 -derived reactive oxygen species (ROS), lipid peroxidation, covalent bonding of macromolecules, imbalance in calcium homeostasis, nucleic acid hypomethylation, inflammatory cytokines production and so on [4] . The two-photon laser scanning microscope (TPLSM) was developed by Webb and his colleagues in 1990 works by using a pulsed laser that emits light in the infrared spectrum [5] . With the progress of two-photon fluorescence microscopy technique [6] , many studies were conducted to assess the characteristics of blood flow in the microcirculation of other organs using two-photon laser scanning microscopy [7] . However, there has been no particular study examining the characteristics of blood flow in the hepatic sinusoids.
The hemodynamic characteristics of the liver are closely related to the anatomical structure of the liver. The liver has dual blood supply systems, which are composed of the hepatic artery and portal vein. The blood flowing in the microcirculation of the liver is different from that in other organs. In general, one-third of the liver blood is supplied by the hepatic artery and approximately two-thirds is supplied by the portal vein. Although the proportion of blood supplied by the hepatic artery is relatively small, it supplies most of the oxygenated blood needed by the liver. As the blood in the portal vein is derived from intestinal venous blood, it is rich in nutrients, which are used by the body after being metabolized in the liver. Most previous studies have focused on the hemodynamic changes in the great vessels of the liver, such as the changes in the blood pressure of the hepatic portal vein and the changes in the blood flow of the hepatic portal vein, but they have rarely focused on the hemodynamic changes in hepatic sinusoidal microcirculation [8, 9] . Therefore, we intended to use the two-photon fluorescence microscopy to study the morphological structure of the hepatic sinusoids and to assess the characteristics of blood flow in the sinusoids using the CCl 4 hepatic steatosis mouse model. This study aimed to explore the changes in blood flow in the hepatic sinusoids under the condition of hepatic steatosis, thus providing support for the prevention and treatment of hepatic steatosis.
MATERIALS AND METHODS

Animal experiments and drug treatment
All experiments were approved by the Local Ethics Committee for Animal Research Studies at the Peking University Health Science Center. Eight-week-old male C57BL/6 mice, weighting 20-25 g, kept on standard laboratory chow and with free access to drinking water, were used in this study. They were housed in a restricted access room with controlled temperature (23 °C) and a light/dark (12 h/12 h) cycle. Forty-eight male mice were divided into three groups: control group, 2-wk treatment group, and 4-wk treatment group. In the control group, the mice received injections of olive oil every three days up to 4 wk. The 2-wk group was treated with olive oil injections during the first two weeks and with CCl 4 injections (40% CCl 4 in olive oil was injected subcutaneously on the back; dose calculated as 30 μL/g body weight) during last two weeks. The 4-wk group was treated with injections of 40% CCl 4 in olive oil for 4 wk. After treatment with CCl 4 or olive oil, eight mice of each group were anaesthetized for examining the velocity of blood flow in the superficial vessels of the liver by using a laser Doppler detector. Subsequently, these mice were sacrificed; their livers were collected and fixed in 10% neutral buffered formalin (NBF) for histological examination; the blood was collected in an anticoagulant tube for hemorheological investigation. Another eight mice were prepared for hemodynamic assessment by using a TPLSM to examine hepatic sinusoidal blood flow.
Estimation of blood flow velocity in superficial hepatic vessels
The mice were anaesthetized with 1% sodium pentobarbital (50 μg/g body weight, intraperitoneally [i.p.]). The abdomen was opened, and the liver was exposed; the left lobe was selected for estimation of blood flow velocity using a laser Doppler flowmeter (Advanced Laser Flowmeter ALF2, Japan). Ten positions of the liver were explored, and the average value was calculated after estimating for 3 times per position. Finally, all ten positions were explored and the results were analyzed.
Histology assay
For the best fixation effect, the liver sample tissue of about 10 mm × 5 mm × 5 mm was used. We used 10% NBF as the fixative. Hematoxylin and eosin (HE) and oil red O staining were performed using standard procedures. The oil red O positive areas were quantified as described previously.
Hemorheological investigation
The mice were anesthetized with 1% pentobarbital sodium (50 μg/g body weight, i.p.); the blood from the angular vein was collected with a 0.5-mm capillary tube into the anticoagulant tube. For the red blood cell-specific volume [hematocrit (HCT)], we used the capillary tube. Hemorheological parameters, such as the erythrocyte deformation index (STEELLEX LGB-190, Beijing), fibrinogen level, erythrocyte electrophoresis rate (LIANG-100 Red cell electrophoresis apparatus, Beijing), and whole blood viscosity (R80B Viscometer), were assessed.
Blood flow velocity in the hepatic sinusoids
After anesthetizing the mice, 200 μL of fluorescein isothiocyanate -dextran (wt 70000, Sigma, America) was injected intravenously (25 mg in 1 mL saline, intravenous injection via the tail vein) [10] . After 10 min when the fluorescent dye entered into the blood, it could not be taken up by blood cells due to the presence of blood cell membranes, therefore, under the laser excitation of the TPLSM, the dye in the blood fluoresced, while no such effect was seen in the cell due to no uptake of the dye. The inner side of the sinusoids often allows the pass-through of a single red blood cell when the red blood cells flow with the plasma. Therefore, the speed of red blood cells was used to represent the blood flow velocity within the sinusoids. The left lobe of the liver was surgically exposed with a small opening under the sternum. Keeping the lobe wet with saline, scanning of the lobe was performed under the TPLSM (inversion, Leica TCS SP8 MP) for estimating the velocity of blood in the sinusoids situated at 100-200 μm from the central vein [11] . In each mouse, ten blood vessels in different parts of the same lobe of the liver were selected for the estimation; meanwhile, the diameter of the sinusoids was measured.
Statistical analysis
All values are presented on graphs as the mean ± SEM. The comparison between multiple groups was performed by one-way ANOVA followed by Dunnett's multiple comparison test. P-values < 0.05 were considered statistically significant.
RESULTS
Weight
Before injection of CCl 4 into the mice, their weights were recorded and monitored to maintain their healthy status ( Figure 1 ). It was reported that the weights of the mice in the 2-wk group decreased during the third week, especially after injection of CCl 4 , which might have resulted from the toxic effect of CCl 4 . Thus, the mice experienced a weight loss in response to the stress induced by the injected drug.
Histological staining
After four weeks of treatment with CCl 4 or olive oil, the livers of the two CCl 4 -treated groups were larger, harder, and had more rough surfaces than those of the control group. HE staining of paraffin sections of the liver tissue ( Figure 2A ) in the control group revealed that the liver morphology was normal, the cytoplasmic staining was homogeneous, and the cell nuclei were distinct. The internal diameter of the hepatic sinusoid was larger near the central vein of the hepatic lobule. The liver morphology was also normal in the 2-wk group, and no obvious lipid molecules were observed. In the 4-wk group, there were vacuolar structures of different sizes in the liver cells. The internal diameters of sinusoids were difficult to be accurately estimated by HE staining. Oil red O staining ( Figure 2B ) of the frozen section of the liver tissue in the control group showed no positive region, indicating that no significant lipid accumulation in the liver. After the injections of CCl 4 for two weeks, the mouse liver showed obvious orange-red lipid molecules after oil red O staining, and there were more positive areas around the central vein. Meanwhile, after CCl 4 injection for four weeks, a large number of lipid vacuoles were seen in the internal hepatic regions, as well as in regions around the central vein, indicating that as the duration of CCl 4 treatment increased, hepatic steatosis became more severe.
Hemorheology characteristics
The changes in the viscosity of the blood are shown in Figure 3A , under the shear rates of γ = 10 s -1 and γ = 100 s -1 . With the extension of time after CCl 4 injection, the blood viscosity increased with a different shear rate; however, there was no statistical difference (P > 0.05). HCT decreased with the extension of time after CCl 4 injection ( Figure 3B ). The HCT value was significantly decreased in the 4-wk group compared to that in the control group (P = 0.029). With the extension of time after CCl 4 injection, the amount of fibrinogen in the blood decreased ( Figure 3C ), and the blood fibrinogen level in the 4-wk group was lower than that in the control group (P = 0.061). The results ( Figure 3D ) of estimating the erythrocyte deformation coefficient after CCl 4 injection showed a downward trend, according to which, the erythrocyte deformation index of the 4-wk group was not statistically significant as compared to that of the control group (P = 0.121). The results ( Figure 3E ) of this study showed that with the extension of time after CCl 4 injection, the erythrocyte electrophoresis rate in the mice showed an upward trend but without much statistical significance (P = 0.882). 
Blood flow velocity and diameters of the sinusoids
Under the microscope, the bright regions represented the location of the sinusoids ( Figure 4A ), whereas the dark spots in the bright regions represented the red blood cells ( Figure 4B) . A TPLSM could selectively scan the sinusoids located along a straight line and thus one-dimensional image changes along a straight line could be visualized. As the red blood cells appeared as dark spots in the field of vision, the black line in Figure 4C indicates the trajectory of red blood cells. In the graph, the time is plotted on the vertical axis to show the time-related changes in the image of the sinusoids scanned along the straight line by the TPLSM. If the figure shows that one erythrocyte moves 107.43 μm within 302 ms, the blood velocity in the sinusoid can be calculated as 354.4 μm/s. In this manner, the blood flow velocity in the left hepatic lobe of the control group, the 2-wk group, and the 4-wk group was measured ( Figure  4D ). It can be elucidated from the figure that, the blood flow velocity in hepatic sinusoids in 2-wk group (P < 0.05) and 4-wk group (P < 0.01) were less than that in the control group. This suggested that the rate of exchange of a single red blood cell in the sinusoids decreased significantly after hepatic steatosis in mice. At the same time, it was concluded that after measuring the hepatic sinusoidal diameters, the intravascular diameters of the hepatic sinusoids of the 2-wk (P < 0.05) and 4-wk (P < 0.01) groups were significantly lower than those of the control group ( Figure 4E ). Using a laser Doppler flow meter to measure the blood flow velocity of the superficial blood vessels of the mouse liver ( Figure 4F ), the blood flow velocity in the liver of mice decreased as a whole after CCl 4 injection. There was a statistical difference in the blood flow velocity between the control group and the 4-wk group (P < 0.05); however, no significant difference was noted between the control group and the 2-wk group. The morphology of the hepatic sinusoids was directly observed under a twophoton fluorescence microscope. It was found that the mice in the control group had regular and uniform hepatic sinusoids, whereas the sinusoidal falsifications in the 2-wk and 4-wk groups were obvious, and the mean hepatic sinusoidal diameters in the respective groups were reduced. Fluorescent dye was exudated from the sinusoids, which resulted in decreased brightness, suggesting a change in vascular permeability ( Figure 4G ). Finally, using the high penetration of the TPLSM, XYZ scanning was performed to construct a 3D image of the hepatic sinusoids ( Figure 4H ).
DISCUSSION
In this study, a two-photon fluorescence microscope was used to detect changes in blood flow in hepatic sinusoids in the CCl 4 -induced hepatic steatosis mouse model. The experimental results showed that in the presence of hepatic steatosis, the blood flow velocity in the hepatic sinusoids decreased along with the decrease in the internal diameter of the hepatic sinusoids. At the same time, blood flow velocity in the relatively large superficial hepatic vessels also decreased. Movement of red blood cells in the hepatic sinusoids was visually observed for the first time, to our knowledge, using a two-photon fluorescence microscope, and a 3D fluorescence image of the hepatic sinusoids was constructed. At present, the common methods for modeling of hepatic steatosis in animals include induction with a high-fat diet, with a methionine-and choline-deficient diet, and with carbon tetrachloride [12] . Under normal circumstances of using carbon tetrachloride model, hepatic steatosis can be observed within two to four weeks [13] . Therefore, carbon tetrachloride has become a classical method of fast and stable modeling [14] . The mechanism of carbon tetrachloride-induced hepatic steatosis model can be explained as follows: carbon tetrachloride produces peroxidative stress in hepatocytes, which leads to changes in the lipid metabolism within hepatocytes and results in hepatic steatosis [15] . In our study of hepatic hemodynamics, it was needed to consider the changes in liver morphology only and explore the impact of these changes on liver and systemic blood flow. There was no need to consider the metabolic processes of the liver itself, hence CCl 4 -induced hepatic steatosis model was used.
Blood viscosity is the most intuitive and direct indicator of blood rheology [16] . Changes in blood viscosity can cause hemodynamic changes. It was found from the experimental results that the blood viscosity in mice did not change with the occurrence of fatty changes in the liver; however, an upward trend was observed among the changes in the blood viscosity. This indicated that during the early stage of hepatic steatosis, there was no significant difference in the blood viscosity. HCT is the most important factor affecting blood viscosity, and blood viscosity increases with increasing HCT [17] . In this experiment, after the injection of CCl 4 into mice, HCT decreased to the level which was not enough to cause a significant decrease in blood viscosity. Plasma fibrinogen is an important factor affecting plasma viscosity, and plasma viscosity is an important component of overall blood viscosity [18] . The results of this experiment revealed that plasma fibrinogen levels decreased after hepatic steatosis, which may led to the decrease in plasma viscosity, as well as to the decrease in blood viscosity. Red blood cell deformability is also an important indicator of blood rheology, which explains the morphological structure of red blood cells [19] . The results of this study showed that after hepatic steatosis, the deformability of red blood cells decreased, while blood viscosity increased. The red blood cell electrophoresis rate is an index that affects the aggregation of red blood cells. Besides, the rate of red blood cell aggregation is closely related to blood viscosity. The experimental results showed that there was no significant change in the surface charge of red blood cells after hepatic steatosis, which might be explained by the fact that during the early stage of hepatic steatosis, the physiological structure and function of red blood cell membrane might not have changed.
Being the largest digestive organ and the center of all metabolic processes in the human body, the hemodynamic characteristics of the liver have always been the focus of research. Many clinical studies have found that early hepatic steatosis occurs in the center of hepatic lobules, and with the aggravation of the disease, the steatosis spreads to the whole hepatic lobule [20] . At the same time, experimental studies have observed that the enzymes of lipid de novo generation (such as FAS, SREBP1c, and SCD) in hepatocytes are overactive in the early fatty liver and lipid accumulating increased [21] . Lipids in hepatocytes are metabolized into various metabolic products, resulting in lipid toxicity, which in turn affects the transcription of hepatocyte genes, After the injection of fluorescent dye, the mouse liver tissue structure was observed under a two-photon fluorescence microscope. The green luminescent area represents the liver sinusoid. Scale bar refers to 100 μm. B: On enlarging the image of the sinusoid, the darker dots appeared in the sinusoids, which represent red blood cells. Scale bar refers to 30 μm. C: The distance-time image was obtained by scanning with the two-photon laser scanning microscope, and the blood flow velocity of the liver was calculated based on the image. D-F: The blood flow velocity in the hepatic sinusoid, the internal sinusoidal diameter, and the velocity of blood flow in the superficial blood vessels of the liver were estimated in all three groups. After treatment with CCl 4 , the blood flow velocity both in the sinusoid and superficial blood vessels decreased significantly. The internal sinusoidal diameter also decreased. G: In the control group, hepatic sinusoid morphology was uniform, while in the 2-wk and the 4-wk groups, the shapes of the sinusoids were significantly zigzag and the internal diameters were significantly less than the average diameter. Scale bar refers to 100 μm. H: The 3D image of the hepatic sinusoids.
a P < 0.05 vs control, b P < 0.01 vs control.
intracellular signaling pathways, production of reactive oxygen, and endoplasmic reticulum stress [22] , and then induces liver fibrosis and even liver cirrhosis. The lipids in the cells gather to form large fat drops, and the hepatocytes expand, resulting in ballooning degeneration [23] , which then squeeze the surrounding blood sinusoid, making the inner diameter of the blood sinus narrow and causing increased vascular resistance in the liver.
Most of previous studies of hepatic hemodynamics have focused on the portal vein and other large hepatic vessels, and much attention has been paid to the impact of the portal vein hypertension on the whole body under various pathological conditions. However, little research has been conducted on the characteristics of blood flow in the hepatic sinusoids. This study, through direct observation of the hepatic sinusoid, found that in the fatty liver state of mice, the hepatocytes swell in a larger volume and squeeze the hepatic sinusoid, making the diameter of the hepatic sinus smaller and making it more difficult for the blood cells to pass through the sinusoid. Meanwhile, the sinusoid is obviously tortuose, which makes the blood flow through the sinus more difficult. In addition, the permeability of the hepatic sinusoid also changes, making the components in the sinus more likely to leak out, thus affecting the blood flow of the liver. Under the influence of the above factors, hepatic hemodynamics changes. According to the Hagen-Poiseuille law, the blood pressure is related to both vascular resistance and the blood flow. In the fatty liver state, vascular resistance is increased, which is likely to cause non-cirrhotic portal hypertension [24] , and then lead to serious consequences such as varicose veins, which is harmful to health.
Under normal circumstances, microcirculations play an important role in afterload, and decide the end diastolic blood flow status in organs. However, clinical imaging examinations cannot detect these microvessels [25, 26] . Two-photon fluorescence microscopy provides us with another way to observe microcirculation in addition to electron microscopy. This observation method can link microscopic morphology with hemodynamics and complement laboratory imaging to fill gaps in clinical imaging. However, this method has limitations. For example, the test requires laparotomy in vivo and needs to inject fluorescent dyes via the vein, which directly limit its use on human specimens. Two-photon fluorescence microscopy can be used to display stereoscopic blood vessel morphology through 3D reconstruction. In the future, it can be combined with magnetic resonance imaging, ultrasound, and other fine imaging techniques to completely reconstruct the liver circulation through 3D printing, which will be a major breakthrough in the development of liver hemodynamics.
ARTICLE HIGHLIGHTS
Research background
Despite the high incidence of fatty liver, there was no specific diagnosis and treatment. And the study of morphological and medical physics changes in fatty liver have been ignored for many years. It has been reported that hemodynamic changes occur in steatosis stage, which might be caused by the compression of the liver microcirculation and changes in the hemorheology characteristics.
Research motivation
Re-examining steatosis from a new perspective -hemodynamics -may enhance our understanding of fatty liver and provide a new idea of treatment.
Research objectives
We mainly focused on the microcirculation of the liver in steatosis stage, which cannot be detected by clinical imaging technique. By the two-photon fluorescence microscopy imaging technique, we observed the structure and hemodynamic characteristics of the liver sinusoids, which linked microscopic morphology with hemodynamics and complemented laboratory imaging to fill gaps in clinical imaging.
Research methods
A hepatic steatosis model was established by subcutaneous injection of carbon tetrachloride in mice. After establishing the model, liver tissue from mice was stained with hematoxylin and eosin (HE) and oil red O stains. Blood was collected from the angular vein, and hemorheological parameters were estimated. A two-photon fluorescence microscope was used to examine the flow properties of red blood cells in the hepatic sinusoids. All result values are presented on graphs as the mean ± SEM. The comparison between multiple groups was performed by oneway ANOVA followed by Dunnett's multiple comparison Test. P-values < 0.05 were considered statistically significant.
Research results
Oil red O staining indicated lipid accumulation in the liver after CCl 4 treatment. HE staining indicated narrowing of the hepatic sinusoidal vessels. No significant difference was observed between the 2-wk and 4-wk groups of mice on morphological examination. Hemorheological tests revealed pathological changes in plasma components and red blood cells of hepatic steatosis. Assessment of blood flow velocity in the hepatic sinusoids revealed that as the modeling time increased, the blood flow velocity in the hepatic sinusoids decreased gradually; meanwhile, the diameter of the hepatic sinusoids became smaller.
These results revealed that hemodynamic changes occurring during steatosis stage (at least in the early stage) were more likely caused by sinusoidal deformation, but the mechanism of these phenomena remains to be solved.
Research conclusions
We used two-photon fluorescence microscopy imaging technique to study hemodynamic changes in fatty liver. And we observed that hemorheological change occurred in hepatic steatosis stage, and manifested as changes in blood flow velocity. We found that this change may be mainly caused by sinusoidal deformation, although it is related to hemorheology characteristics, but there was no statistical difference.
Research perspectives
Two-photon fluorescence microscopy imaging technique provides us with another way to observe microcirculation in addition to electron microscopy, and can be used to display stereoscopic blood vessel morphology through 3D reconstruction. In the future, it can be combined with magnetic resonance imaging and other fine imaging techniques to completely reconstruct the liver circulation through 3D printing, which will be a major breakthrough in the development of liver hemodynamics.
